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1.1. The purpose of research
The Nanling region, southern China, is a well-known and important
metallogenetic province in China for deposits of base and noble
metals, rare earth and radioactive elements. These deposits were
mostly formed during the Jurassic and Cretaceous Yanshanian epoch.
Their genesis and regularity of ore formationof thesemineral deposits
have aroused the attention of scientists at home and abroad (Chen
et al., 1989, 2007). The predominant opinion among them is that
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156148the Nanling metallogenic associations display marked east-west
zonations:WandREE in southern JiangxiProvince;W,Sn,Mo,Bi, Pb,
and Zn in southern Hunanesoutheastern Guangxi provinces; and Sn,
Pb, Zn, Sb, and Ag in northwestern Guangxi Province (Figs. 1 and 2).
These spatial trends mirror the spatio-temporal evolution for granitic
magmatismand associated igneous rocks during theYanshanian epoch
in the region: that is, the age of magmatism decreases and its intensity
weakens along the same EeW direction.
The existence of ore zonation in the Nanling region was discov-
ered several decades ago (Weng, 1919; Xie, 1936), but currently with
the rapid development of mineralogy/metallogenesis science, the
predominant east-west zonation stated above seems to be only
a vague generalization. It now gives only an empirical, qualitative
description of the phenomenon, with a critical lack of quantitative
argumentation and precise measurement. In addition, concrete
analyses of the mechanisms of the process of zonation are still
lacking. In order to overcome these shortcomings and improve our
knowledge, the author tried applying the “theory of synchronization”
from the science of complexity to studying the regional regularity of
ore formation in the Nanling region.
This paper consists of three parts that will consider: I, Theory
of ‘target pattern’ regional ore zonality; II, The methodology,
premises and methods of synchronization research and the results
obtained; and III, The regularity of regional ore formation in the
Nanling region. They will be published sequentially in Nos 2e4.
The present paper is part I.
1.2. Location and brief geological background of the
Nanling region
Geographically, ‘Nanling’ refers to the mountain system in southern
China composed of five mountain ranges d Yuechengling,
Dupangling, Mengchuling, Qitianling and Dayuling d which are
located at the juncture of four provinces: Hunan, Jiangxi, Guang-
dong and Guangxi (Fig. 2). It is the watershed dividing the Yangtze
and Pearl rivers. In these mountain names, the suffix ‘ling’ meansFigure 1 The location sketch map of the‘mountain ridge’. The geographical coordinates of the Nanling
region are longitude 110E115E and latitude 24Ne27N,
bounding an area of 170,000 km2. The Nanling region is under-
pinned by a strongly folded metamorphic basement of late Prote-
rozoic to early Palaeozoic rocks and controlled by four large fault
belts along its east, west, north and south sides. Upper Proterozoic
(pre-Sinian), Sinian, Cambrian to Permian, Triassic to Cretaceous,
and sporadic Cenozoic strata are exposed across the region (Fig. 2).
Tectonically, the continental collision between a Tibet-Yunnan
plate and the Cathay (southern China) plate during the late
Triassic Indo-Chinese epoch produced a northwest-trending
structural system. The subsequent northwest-directed subduction
of the Pacific oceanic plate beneath the Cathay (southern China)
plate during the early Yanshanian epoch (Jurassic) led to a north-
east-trending structural system.
Magmatism during the collision formed granite in the Indo-
Chinese epoch (late Triassic). The subduction of the Pacific oceanic
plate beneath the Cathy (southern China) plate during the early
Yanshanian epoch (Jurassic) generated three east-west trending
‘Nanling Granite Belts’ in the Nanling region. Belts of granitic and
volcanic intrusive complex occurred along the southeastern coast
during the late Yanshanian epoch (Cretaceous). The Nanling
Granite Belts are a celebrated source of mineral resources in the
region formed by numerous polymetallic ore deposits.
2. The theory of formation of the ‘target pattern’
regional ore zonality
Ore formation in the Nanling region exhibits regional regularity with
a characteristic ‘target pattern’ ore zonality. The mechanisms of
formation of this pattern consistmainly of three successive processes:
(1) Spatio-temporal synchronization process of the Nanling
complex metallogenic system. It induced the collective
dynamics and cooperative behavior of the system and dis-
played the configuration of the regional ore zonality;Nanling region for the present research.
Figure 2 Map of geology and mineral resources of the Nanling region, China (after Huang and Deng (2002) modified).
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Figure 4 The difference of frequencies DF of two coupled oscil-
lators is plotted vs. the frequency detuning (or frequency mismatch)
Df of uncoupled oscillators (after Pikovsky et al., 2001).
Figure 3 Two pendulum clocks coupled through a common support
interacting weakly (after Pikovsky et al., 2001).
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156150(2) Dynamical clustering transformed the configuration into
rudimentary ordered coherent structures;
(3) Phase dynamics eventually defined the spatio-temporal
structures of the target-pattern regional ore zonality and
determined their localization and distribution.
These mechanisms are explained sequentially in the following
sections.
2.1. Synchronization
Synchronization is an important current area of nonlinear sciences
which has been regarded as a universal concept (Pikovsky et al., 2001).
The concept can be traced back to the 17th century when Dutch
scientist Huygens (1986) reported on his observation of the synchro-
nization of two pendulum clocks. In the 20th century, Appleton (1922)
and van der Pol (1927) started systematic study of this phenomenon,
experimentally as well as theoretically. They showed that the
frequency of a triode generator can be entrained, or synchronized, by
a weak external signal with slightly different frequency. Extensive
investigation did not start until 1980 (Kuramoto, 1984; Blekhman,
1988; Balanov et al., 2009). Now it is known that many physical,
chemical, biological and geological processes in nature occur in
dynamical systems with oscillatory movement (Kuramoto, 1984;
Blekhman, 1988; Mirollo and Strogatz, 1990; Yu and Peng, 2009).
The word ‘synchronization’ originates from the Greek svv
(syn, meaning “the same”, “common”) and crovo2 (chronos,
meaning “time”), with a literal translation of “synchronous”
meaning “sharing the common time”, “occurring in the same
time”. Now the scientific term synchronization refers to the
phenomena or processes when multiple periodic processes with
different natural frequencies (or different natural phases) obtain
common frequency (called “frequency locking”) or common
phase (called “phase locking”) due to coupling and interaction or
external forces.
Experiments make clear that two pendulum clocks can be
synchronized by coupling or weak interaction; for example, two
pendulum clocks are coupled through a common support
(Pikovsky et al., 2001). The beam to which the clocks are fixed is
not rigid, but can vibrate slightly (indicated by arrows at the top of
Fig. 3). This vibration is caused by the motion of both pendula.
The two pendulum clocks may interact due to the vibration of the
beam, change their frequencies of oscillation and realize
synchronization (frequency locking).
Synchronization depends on two factors:
(1) Coupling intensity K. Coupling intensity describes the
strength or degree of interaction among oscillators. When
K Z 0, there is no coupling; when K > 0, the interaction is
attractive; when K < 0, the interaction is repulsive.
(2) The difference of natural frequencies of oscillators
(Df Z f1  f2) before coupling. In addition, if we use
DF Z F1  F2 to express the difference of frequencies after
coupling, then we attain the dependency of DF on Df. Plotting
this dependency we get a curve as shown in Fig. 4. The plat-
form appearing in Fig. 4 corresponds to the state of DF Z 0,
indicating that after coupling, the two pendulums approach to
common frequency, implying the appearance of frequency
locking, i.e. synchronization. Thus the length of the platform
shows the synchronization region. The dependency shown in
Fig. 4 is typical for interacting oscillators, independent of their
nature (mechanical, chemical, electronic, etc.).It was found by further researches that different relationships
between coupling intensity K and frequency difference Du among
oscillators correspond to three regimes of synchronization. We
assume that the internal state of each oscillator i in an ensemble is
mathematically described by a set of time-dependent variables
ri(t) Z (xi(t), yi(t), zi(t), .), whose evolution is governed, in the
absence of interactions, by
_riZfiðriÞ ð1:1Þ
If each non-interacting oscillator behaves periodically, then the
function fi is such that the solutions to Eq. (1.1) are periodic. Let
Uij(ri, rj) be the function of pairwise interactions between oscil-
lators i and j, then the governing equation of the coupling between
N periodic oscillators described by Eq. (1.1) is
_riZfiðriÞ þ
XN
jZ1
Uij

ri; rj

iZ1;.;N ð1:2Þ
A single “phase” variable fðtÞ is the simplest representation of
periodic motion that, as time elapses, varies as fðtÞZut þ fð0Þ
(Winfree, 2001). Conventionally, the phase is defined on the
interval ½0; 2pÞ. When f reaches the limiting value 2p, it is reset to
fZ0. The equation of motion for the phase is
_fZu ð1:3Þ
Table 1 The correspondence of different relationships between K and Du in Eq. (1.7) (when K > 0) to the three regimes of synchronization.
Regimes of synchronization Relationships between K and Du States of f1ðtÞ and f2ðtÞ
Full synchronization DuZ0 f1ðtÞZf2ðtÞZUt
UZu1Zu2
Frequency synchronization Du < K f1ðtÞZUt
f2ðtÞZUt þ arcsinðDu=KÞ
No synchronization Du > K f1ðtÞ and f2ðtÞ remain incoherent
U stands for “synchronization frequency”.
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156 151This one-dimensional dynamical system is called “phase oscil-
lator”. It performs uniform periodicmotion of “natural frequency”u.
In analogy with Eq. (1.2), the evolution of an ensemble of
interacting phase oscillators is governed by the equations
_fiZui þ
XN
jZ1
Fij

fi;fj

; iZ1;.;N ð1:4Þ
where ui is the natural frequency of oscillator i, and the functions
Fij describe interactions.
Before analyzing the emergence of order in large ensembles of
interacting phase oscillators, it is illustrative to study the simpler
case of just two oscillators (N Z 2; Sakaguchi et al., 1987). We
consider symmetric interaction functions
F12ðf1;f2ÞZF21ðf2;f1ÞZ
K
2
sinðf2 f1Þ ð1:5Þ
The equations for the phases f1ðtÞ and f2ðtÞ read
_f1Zu1 þ
K
2
sinðf2 f1Þ
_f2Zu2 þ
K
2
sinðf1 f2Þ

ð1:6Þ
These equations take a more convenient form if they are
written for the variables rðtÞZf1ðtÞ þ f2ðtÞ and
DfðtÞZf2ðtÞ  f1ðtÞ:
_rZu1 þu2
D _fZDuKsinDf

ð1:7ÞFigure 5 Time derivative of the phase difference of two coupled
oscillators Df, according to the second of Eq. (1.7), for different values
of the frequency difference Du and coupling constant K > 0. Full dots
on the horizontal axis stand for stable and unstable fixed points. Arrows
indicate the direction of motion (after Manrubia et al., 2004).with DuZu2  u1. The first of them implies that the sum of the
two phases performs uniform motion with frequency u1 þ u2:
rðtÞZrðoÞ þ ðu1 þu2Þt ð1:8Þ
According to Eq. (1.7), we use Table 1 and Figs. 5 and 6 to
show how the different relationships between K and Du (when
K > 0) correspond to the three regimes of synchronization.
When the frequencies or phases of chemical waves in the ore-
forming systems approach synchronization, systems begin to self-
organize, which in turn will lead to collective dynamics and
cooperative behavior of ore-forming materials so as to lay
a foundation of the regional ore zonality.
2.2. Dynamical clustering
As demonstrated in the pioneering studies by Winfree (1967) and
Kuramoto (1984), the onset of synchronization in oscillator pop-
ulations represents a phase transition. Synchronization transition
is accompanied by symmetry breaking, the latter corresponding to
bifurcation of nonlinear systems.
As synchronization proceeds, a large oscillating system con-
strained by coupling intensity and parameter of bifurcation will
gradually break down into a number of coherent groups constituting
a dynamical ordered structure. Inside each group, the states of all
elements are close to each other or even identical. The states of
elements belonging to different groups, however, are weakly corre-
lated. Interactions between clusters determine the coherent behavior
of the entire ensemble. This process is called ‘dynamical clustering’,Figure 6 Synchronization regimes for two phase oscillators in the
parameter space (u1, K ). Synchronization occurs in the shaded
triangular zone (Arnol’d tongue) with vertex at u1 Z u2 and K Z 0.
Full synchronization is found on the vertical line u1 Z u2 (after
Manrubia et al., 2004).
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156152or simply ‘clustering’. Clustering is a form of self-organization;
coherently operating groups spontaneously emerge out of a uniform
population. Dynamical clustering renders collective dynamics and
cooperative behavior of large systems by synchronization to trans-
form to dynamical ordered structure, making up a rudimentary form
of the regional ore zonality.
The relationship between synchronization and clusteringmay be
exhibited by analysis of dynamical phases of the coupled periodic
oscillator ensemble by virtue of globally coupled logistic maps.
Logistic maps represent a large class of model systems. Globally
coupled logistic maps may be used to study many collective
behaviors of large systems. Kaneko (1994) defined the dynamical
equation of globally coupled logistic maps as
xiðtþ 1ÞZð1KÞf ½xiðtÞ þK1
N
XN
jZ1
f

xjðtÞ
 ð1:9Þ
where K is the coupling intensity, and f(x)Z 1eax2 is the logistic
map. Fig. 7 shows the dynamic phase diagram of globally coupled
logistic maps, where a is the bifurcation parameter of a logistic
map, and K is the coupling intensity. We see that, for any a, there
is a sufficiently large value of K (i.e. the left-upper part of the
diagram) such that full synchronization is achieved. For relatively
smaller K and large a (i.e. the right-lower part of the diagram), the
system presents as a turbulent (chaotic) phase, whereas the clus-
tering phase situates at the transitional spatio-temporal domain
between the two phases, corresponding to the edge of chaos. This
is a relatively broad spatio-temporal domain, the system possesses
complicated collective behaviors. As a whole, the oscillator
ensemble exhibits partial synchronization.
It is known that the condition for stable full synchronization is
lþ lnð1KÞ  0 ð1:10Þ
where l is the Lyapunov exponent (Kuramoto, 1984). The
dependence of l on the bifurcation parameter a of the logistic map
is highly irregular due to the frequent appearance of periodic
windows in the chaotic domain. The irregular line
K Z 1  exp(l) represents the exact boundary where the fully
synchronous state becomes unstable; it corresponds to the trans-
versal stability condition of full synchronous state, so the curve
defines the boundary of stable full synchronization. In Fig. 7, theFigure 7 Dynamic phase diagram of globally coupled logistic maps
(after Kaneko, 1990). Themain three phases of the system, separated by
smooth curves, are turbulence, clustering, and full synchronization. The
irregular line represents the exact boundary where the fully synchro-
nous state becomes unstable, KZ 1  exp (l).dotted vertical line at a Z 1.4 is the mark of the accumulation
point of period doubling bifurcation for the logistic map. For
a < 1.4, the logistic map is periodic.
Clustering can appear either in a uniform system or in a hetero-
geneous system, but the latter is more common. The partial
synchronization and dynamical clustering of a heterogeneous large
system can be analytically studied for a large ensemble of globally
coupled phase oscillators the individual evolution ofwhich is given by
_fiZui
K
N
XN
jZ1
sin

fj fi
 ð1:11Þ
where fi and fj represent phase oscillators, and ui is the natural
frequency of oscillator i (Kuramoto, 1984). The natural frequen-
cies are chosen at random from a distribution g(u).
As a result of interactions, the phase of any individual oscil-
lator displays complicated evolution. Its motion is typically
chaotic. In general, the frequency _fi of each oscillator differs from
its natural frequency ui. It is useful to define the “effective
frequency” u0i as the average of _fi over long times,
u0iZ limT/N
1
T
ZT
0
_fiðtÞdt ð1:12Þ
A cluster formed by a fraction of oscillators with identical
effective frequencies appears at some critical value of the coupling
intensity Kc. For any two oscillators i and j in the cluster, we have
u0i Z u0j Z U, where U is the ‘synchronization frequency’. The
phases of these oscillators, however, are not identical. The number
of elements inside the cluster increases as K grows beyond the
critical coupling intensity Kc. We show below that the values of U
and Kc depend on the distribution of natural frequencies g(u). The
onset of frequency synchronization in the system described by Eq.
(1.11) for N / N corresponds to a bifurcation, and has the
properties of a critical phenomena.
It is found that, as synchronization proceeds, the number of
clusters emerging from the ensemble depends on the number of
maxima contained in the distribution of natural frequencies g(u)
(Kuramoto, 1984). When g(u) has several overlapping maxima, the
gradual emergence of frequency synchronization as coupling
becomes stronger in an intricate collective process. Several clustersFigure 8 Density plot of the histograms of effective frequencies
u0i, as a function of the coupling intensity K, for an ensemble of 10
3
coupled phase oscillators (after Manrubia et al., 2004). Darker tones
correspond to larger concentrations. The left panel shows a histogram
of the distribution of natural frequencies.
Figure 9 Effective frequency u0 as a function of the natural frequency u for the oscillators of the ensemble of Fig. 8, and three values of the
coupling intensity K (after Manrubia et al., 2004).
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156 153form at different coupling intensities, and new oscillators keep
joining these clusters as K is increased. In turn, clusters approach
each other and successively collapse. During this process, the
distribution of effective frequencies changes steadily, due to the
mutual interaction of clusters and non-entrained oscillators. Even-
tually, the whole ensemble becomes synchronized and all oscilla-
tors move with the same effective frequency. The complex
hierarchical aggregation of oscillators and clusters is illustrated in
Fig. 8 (Manrubia et al., 2004), which shows the density plot of the
histograms of effective frequencies u0i as a function of the coupling
intensity K for an ensemble of 103 oscillators. Their natural
frequencies are distributed in six groups of different sizes and
widths; the histogram shown in the left panel shows the number of
oscillators n(u) as a function of their natural frequencies.
In Fig. 9, the effective frequencies are plotted against the natural
frequencies for the same ensemble, and for three values of the
coupling intensity. In this plot, clusters of frequencydsynchronized
elements are revealed by the plateaus of constant u0, which become
broader as K grows.
2.3. Phase dynamics
In the Nanling region, spatio-temporal synchronization was found
to occur in the chemical waves of reaction-diffusion systems in theFigure 10 Conical distribution of phase ~f (after Kuramoto, 1984).geological media, and the ‘target pattern’ regional ore zonality
was generated by phase dynamics starting from the pacemakers
(i.e., two centers of ore formation) and developing outward along
the radial directions.
The regional ore zoning is a pulsatory ‘autosoliton’ (Kerner
and Osipov, 1994) in nature; it is a far-form-equilibrium weakly
chaotic, quasi-regular local dissipative structure in near-equilib-
rium geological media; and is also a target pattern of phase waves
formed by phase dynamics (discussed in detail in Part III).
Synchronization may occur in two situations. In the case of the
two pendulum clocks, two pendulums equally influence each
other, and by adjusting their oscillation frequencies to realize the
synchronization. This is called ‘mutual synchronization’.
However, synchronization may also occur in oscillating systems
under the action of an external force. This is called: ‘synchroni-
zation under external force’.
Now we consider the problem of synchronization of periodic
self-sustained oscillators under a weak periodic external force. The
main idea here is that a small force influences only the phase, not the
amplitude, so that we can describe the phase dynamics with a phase
equation. The result is that the oscillatory phase is completelyFigure 11 Uniformly spaced horizontal planes intersecting
a growing cone (after Kuramoto, 1984).
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156154locked by the external force, so that the observed oscillatory
frequency just coincides with the externally applied frequency.
The derivation of phase dynamics in the following is taken from
the works of Mori and Kuramoto (1998) and Kuramoto (1984).
2.3.1. Phase equation of periodic structures
Let us consider an extended, uniform, isotropic field in two dimen-
sions in which a periodic one-dimensional structure exists at the
initial time. Let Xðr; tÞ be the field variable for a stationary periodic
pattern possessing one-dimensional structure with wave number k,
and X0ðfÞ possesses symmetry with respect to time reversal.
Xðr; tÞZX0ðfÞ; fZkxþj; X0ðfÞZX0ðfÞ ð1:13Þ
where X0ðfÞ is a 2p-periodic function of f, i.e. the state variable
of the system. f is the natural phase of the system. jZf kx (or
jZf ut) is the difference of natural phase f and phase of
external force kx or ut. It is an arbitrary phase constant when the
system reaches synchronization.
Now, let us assume that such a pattern is subject to a long-scale
spatial deformation. It has been found that such systems can be
successfully treated by applying the idea of “absorbing” the secular
effect. Analogously, it is possible to think in terms of a method of
absorbing the spatial deformation of the pattern into a spatial
dependence of the phase difference j.
When a stationary pattern suffers a spatial deformation, in general
this deformationwill posses some time dependence. In our treatment,
a time dependence of this type also comes to be absorbed into j. We
expect that the time evolution of such a spatial deformationwill grow
slower as the length scale of the deformation increases, and that in the
limit of spatial uniformity, j will become some arbitrary constant,
that is, jZ0. In this way, we expect that the form (1.13) can be made
a sufficiently good approximation of the true solution.
What kind of equation of motion does jðx; y; tÞ obey? Let us
find out this kind of ‘phase equation’, or ‘phase field equation’.
First, we assume that _j can be expressed as a function of j and its
spatial derivatives. We set
vj
vt
ZH

j;
vj
vx
;
vj
vy
;
v2j
vx2
;
v2j
vy2
;.

ð1:14Þ
Now, the system state X0ðjÞ is invariant with respect to
transformations of the following three types:
(i) j/jþ j0; x/x  k1j0 ðj0 arbitraryÞ
(ii) j/ j; x/ x
(iii) y/ y
Therefore j too must satisfy these invariance conditions. First,
from (i), we see that H cannot contain a bare j dependence
(i.e., only its spatial derivatives can appear). Then, if we expand H
in derivatives of j, invariance with respect to (ii) and (iii) deter-
mines the type of terms that can appear. Let us write out the
lowest-order allowed terms. To second order in j, we have
vj
vt
Za2
v2j
vx2
þ b2v
2j
vy2
 a4v
4j
vx4
 b4v
4j
vy4
þ

g1
v2j
vx2
þ g2v
2j
vy2

vj
vx
þ
	
h1
vj
vx
þ h2

vj
vy
2
v2j
vy2
þ h3vj
vx

vj
vy
2
þ/ ð1:15Þ
Considering a pattern deformation of sufficiently gentle spatial
deformation, it is necessary to consider only the lowest-order
terms in the above expansion. Hence we obtain the anisotropic
phase diffusion equationvj
vt
Za2
v2j
vx2
þ b2v
2j
vy2
ð1:16Þ
If both a2 and b2 are positive, the deformation eventually disap-
pears due to diffusion, and the phases remain stable. However, if one
of the diffusion coefficients becomes negative, the phase diffusion
equation loses its validity. In this case, higher order derivatives from
the above expansion or nonlinear terms must be included (Mori and
Kuramoto, 1998).
2.3.2. Phase equation of oscillating fields
Presuming the generation of uniform oscillation in an isotropic
reaction-diffusion medium, we consider the situation in which this
kind of oscillation possesses some pre-existing finite amplitude,
and paralleling the discussion given in section 2.3.1, we derive
a phase equation.
An arbitrary field X that oscillates with frequency u while
maintaining its spatial uniformity can be represented as
Xðr; tÞZX0ðfÞ; fZu0tþj ð1:17Þ
where X0ðfÞ possesses 2p periodicity, but does not possess
symmetry with respect to time reversal, as Eq. (1.13).
Let us write the equation of motion for j as
vj
vt
ZH

j;Vj;V2j;.
 ð1:18Þ
We proceed by expanding H in spatial derivatives of j. The
function X0ðfÞ expressed by Eq. (1.17) is invariant with respect to
the following simultaneous transformations:
(i) j/jþ j0; t/u10 j0 ðj0 arbitraryÞ
Also, X0ðfÞ, like the original reaction-diffusion system itself,
must be symmetric with respect to spatial inversion. That is, both
are symmetric with respect to the transformation.
(ii) V/ V
These invariance properties must be reflected by the evolution
equation for j.
From (i), H can depend only on spatial derivatives of j. Then
from (ii) we find that in the expansion for H, each term must
contain the operator V an even number of times. We thus have
vj
vt
Za2V
2jþ gðVjÞ2a4V4jþ/ ð1:19Þ
Formally, if we consider V as a small parameter, to lowest
order in V, we obtain
vj
vt
ZaV2jþ gðVjÞ2 ð1:20Þ
where we have written the coefficient a2 simply as a. If we define
DjZy, the above equation corresponds to the following equation
for y:
vy
vt
ZaV2yþ 2gy$Vy ð1:21Þ
In a single spatial dimension, this equation is known as the
‘Burgers equation’. This equation can be reduced to a diffusion
equation under a nonlinear transformation known as the ‘Hopf-
Cole transformation’. Almost equivalently, it can be shown that,
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156 155writing jZg1alnQ, Eq. (1.20) also reduces to a diffusion
equation:
vQ
vt
ZaV2Q ð1:22Þ
where Q is the wave function of the phase wave.
Let us return to Eq. (1.19). In the neighborhood of the phase
instability point, setting a2Z 3, we can select the leading terms
in an expansion in derivatives of j. Let us assume the scaling form
of j as
jðr; tÞZj3jdf ðj3jmr; j3jntÞ ð1:23Þ
where m, n and d are non-negative exponents. If we insert this form
into Eq. (1.19), each term in the expansion can be evaluated in
terms of its power in 3. First, we stipulate that the term responsible
for the linear instability, a2V
2j and the dissipative term, a4V
4j,
must be present. From the required balance of these terms (i.e.,
from the condition that they are of the same order in 3) we obtain
the relation 1þ dþ 2mZ4mþ d, and thus we have mZ1=2. The
size of each remaining term depends on the size of the only
unknown parameter d. When d > 0, the largest of these remaining
term is ðVjÞ2, independent of the size of d, as can easily be seen.
It follows, then, from the balance of this term and those mentioned
above, that dZ1. Then, requiring that these three terms be of the
same order in 3 as _j, we find that nZ2. Following this reasoning,
we obtain the phase equation
vj
vt
Za2V
2j a4V4jþ gðVjÞ2 ð1:24Þ2.3.3. Phase waves and the target pattern
The waves arising from the phase non-uniformity are called
‘phase waves’. They have essentially no effect on the amplitude of
the pattern represented by X. Under the influence of phase
dynamics, phase waves can form ‘target patterns’.
In order to investigate this problem concretely, let us consider
the model equation
vf
vt
Zu0 þ aV2fþ gðVfÞ2þsðrÞ; ð1:25Þ
obtained from the phase equation (1.20) and the right equation of
Eq. (1.17) by adding the term sðrÞ. In Eq. (1.25), f is the phase,
u0 is the natural frequency of oscillator, aV
2f is the diffusion
term, gðVfÞ2 is the oscillatory frequency of the media and sðrÞ
expresses the “pacemaker”, representing the center of the target
pattern. We define s as a non-negative function which is nonzero
only in the neighborhood of the origin.
With the Hopf-Cole nonlinear transformation
fðr; tÞZg1alnQðr; tÞ ð1:26Þ
Eq. (1.25) is reduced to the linear equation
vQ
vt
Za

u0ga
2 þV2 UðrÞQ ð1:27Þ
where Q is wave function of phase wave, U represents the
quantum-mechanical potential
UZ ga2sðrÞ ð1:28Þ
Writing the fundamental solution to Eq. (1.27) as
Qðr; tÞZqðrÞexpu0ga1 þ alt ð1:29Þ
We obtain the eigenvalue problemlqðrÞZV2 UðrÞqðrÞ ð1:30Þ
By solving Eq. (1.30) we obtain the time evolution of the phase
pattern.
Eq. (1.30) is formally equivalent to the quantum-mechanical
problem in which a single particle is subject to the attractive
potential. When the quantum-mechanical potential U(r) is
attractive, we have l > 0, and the particle will be in the bound
state. It is known from Eq. (1.29) that the pacemaker is excited
and produces oscillation. As the strength of oscillation exceeds the
critical value, wave function Q will grow exponentially which
supports the existence of the bound state. Furthermore, this
implies that the pacemaker is enabled to entrain the surrounding
media to a higher-frequency state. In addition, as the quantum-
mechanical potential of the pacemaker possesses a spherical
symmetry, so it promotes the formation of the ‘target pattern’. In
short, it must be emphasized that the quantum-mechanical
attractive potential supports the existence of the bound state and
induces the pacemaker to reach the inspired state of the critical
point, which is a necessary condition for the formation of a target
pattern by phase dynamics.
Now let us look at the corresponding phenomenon in a two-
dimensional medium. In this case, in the region outside a circle of
radius rs centered at the origin, the system exhibits a spatially
uniform oscillation frequency u0, while inside this circle, it is
entrained to the high frequency ~uhu0 þ g1a2l. The radius of
this entrainment region grows at the constant speed a
ﬃﬃ
l
p
. Within
the entrainment region, phase waves in the form of a target pattern
with wave number g1a
ﬃﬃ
l
p
also centered at the origin propagate
outward with the fixed speed ðu0ga1 þ alÞ=
ﬃﬃ
l
p ð> a ﬃﬃlp Þ, and,
upon reaching the boundary of the entrainment region, they
disappear. The inhomogeneity corresponding to the nonzero
region of uðrÞ in the center of such an expanding target is
regarded as a type of pacemaker.
A convenient geometric method for constructing a developing
pattern is now described. Below, our interest will be in a two-
dimensional intersection of the three-dimensional pattern, where
the pacemaker is supposed to lie on the plane P of intersection.
Let ~f be defined by
~fZf t ð1:31Þ
The graph of ~f on P looks like Fig. 10; for r > R (t) it
coincides with the plane P and stays still, while for r < R (t) it
is represented by the surface of a growing cone. It is convenient
to imagine this as if P is intersected by a bottomless cone
which is moving upward at a constant velocity a
ﬃﬃ
l
p
. Let ðr; qÞ
be the polar coordinates on P, the pacemaker being situated at
r Z 0. The contours rZrðq; tÞ of constant phase are then
obtained from
~fðr;q; tÞZ tþ nT ð1:32Þ
A possible geometrical interpretation of this expression is
the following: imagine a number of horizontal planes that are
uniformly spaced by a distance T. these planes are descending
at a unit velocity. In general, we have some intersections of
these planes with the graph of ~f. These intersections, if pro-
jected onto P, form equi-concentration or equi-phase contours
(the latter are approximate to the former; Fig. 11). Obviously,
they form expanding concentric rings. It is seen that a ring is
generated from the pacemaker center each time a descending
C. W. Yu / Geoscience Frontiers 2(2) (2011) 147e156156plane comes to touch the top of the cone. On the other hand,
a ring disappears when its radius attains the value R(t); this
occurs each time a descending plane arrives at the bottom of the
cone P, i.e., once in a period T of the background oscillation.
The same feature is also observed in real target patterns
(Kuramoto, 1984).
3. Conclusions
During the Mesozoic early and late Yanshanian, two centers of ore
formation emerged successively in the Nanling region; the former
is rich in rare metals and rare-earth elements (La), the latter rich in
base and noble metals and radioactive elements. Centers of ore
formation were brought about by interface dynamics respectively
at the Qitianling and Jiuyishan districts in southern Hunan prov-
ince. The characteristic giant target-pattern regional ore zonality
were generated by spatio-temporal synchronization, dynamical
clustering and phase dynamics.
The research carried out provides a methodology for revealing
regional ore zonality, and also aims to provide inspiration for
exploring further the formation of deep-seated regions of ore
resources in the Nanling region as well as investigating the onset
of large-scale mineralization during the Yanshanian epoch.
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Editorial note
The whole paper consists of three interrelated parts that will be
published sequentially in Issue 2 to 4, 2011. Part I: Theory of the
target-pattern regional ore zonality, in which synchronization,
dynamical clustering and phase dynamics are concisely expoun-
ded. Part II: The methodology, premises and methods of
synchronization research and the results of investigation are pre-
sented. Part III: The regularity of regional ore formation in the
Nanling region —— the target-pattern regional ore zonality is
discussed in detail.
The author emphasizes the essential significance of target-
pattern ore zonality: (1) it has revealed the new regularity of
regional metallogenesis of the Nanling region; and (2) it reflects
the metallogenetic ‘primeval regime’ experienced during the
Yanshanian epoch (Jurassic and Cretaceous periods) in that
region, and thus it opens up a new way to explore deep-seated
regions of ore resources in the Nanling region and the onset of
large-scale mineralization during the Yanshanian epoch.References
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